Tomatoes are one of the most important specialty crops in United States and tomato products constitute a significant part of the food industry. The quality of tomato paste and juice is evaluated through their viscosity, color, flavor and nutritional value. Four processing methods were selected for this study, including conventional hot break, waring blender with steam, steam injection, and high temperature with shear (HTS) in a twin-screw continuous processor. The HTS method applies high temperature with shear mixer during hot-break tomato processing that improves the efficiency of the extraction process and the resultant tomato products possessed higher consistency, viscosity, and lycopene content. Lycopene is an excellent antioxidant with cancer-preventing properties. This work showed that HTS method, utilizing whole tomatoes, produced a superior tomato product with a better color, higher viscosity, and improved bioactive properties.
Introduction
Tomatoes and tomato-based foods are an important part of the American diet and are found in a large variety of food products imparting both unique appetizing flavor and viscosity. Tomatoes have also been recognized as a source of carotenoids such as lycopene, a very important class of bioactive compounds especially known for their anti-inflammatory properties and supporting prostate health [1] . In United States, the production of tomato paste reached several million tons with an economic value of several billion dollars. Improving the quality Q. Xu et al. of tomato products as well as reducing the production cost will benefit greatly the tomato growers, processors, and the consumers. The quality of the processed tomato product is dependent upon processing conditions. It is important for tomato processors to know how to obtain high viscosity products to prevent loss of flavor and nutritional quality by preventing loss and increase the bioavailability of lycopene and appropriate evaluation of the tomato products [2] .
Tomato paste is commonly produced by the hot-break processing method: a rapid deactivation of pectolytic enzymes during the hot-break process is considered essential to prevent demethylation and break-down of pectin molecules [3] [4] . The consistency of the product also depends on the bio-availability of various compounds, such as pectin and other hydro-colloids (e.g., hemicelluloses). If the initial product is rich in these hydro-colloids, and subsequently evaporated to produce tomato paste, it results in a high consistency tomato paste [5] .
Lycopene is a major pigment in tomatoes that is largely responsible for the red color, and it has also important health properties [5] [6] . Since tomatoes and related products are a major source of lycopene, it is very important to consider the source of carotenoids (lycopene) in the human diet [7] . As a natural source of antioxidant, lycopene can prevent epithelial cancers and improve heart health, preventing heart attacks and strokes [1] . The tomato skin contains 72% -92% of the lycopene that is found in the water insoluble fraction [8] and in conventional hot-break processing, the majority of the outer tissues are discarded as waste.
Using the hot break method and subsequent evaporation process, lycopene pigment retains its bright red color and is stable [9] .
Pectin and hemicelluloses (i.e., dietary fibers) are major polysaccharide components of plant cell walls, and the extraction efficiency of these substances depends on their solubility from the cell wall into the extract. One type of commercially available pectin forms a gel after thermal treatment at 95˚C (203˚F), followed by cooling [10] . The high temperature facilitates a dissociated, disordered pectin conformation that facilitates the extraction process [11] . Similarly, hemicelluloses respond to high temperature in the same manner [12] . The viscosities of these substances are very high due to their high molecular weight. The conventional hot-break extraction process is usually carried out at a temperature around 94˚C -97˚C [4] , and the cold break processing temperature is 77˚C or low. Hot break method results in a much more viscous product for using as ketchup, sauces, etc., whereas cold break method can produce better flavor and color retention product.
Pectin retention has been a key processing goal, in order to maintain high quality of the tomato paste during processing. It is impossible to retain 100% of pectic substances even under the best practical commercial conditions of rapid heating of crushed tomatoes; there is a time gap between the crushing and heating that is crucial in defining the degree of pectin degradation: a reduced time gap coincides with higher pectin retention and higher viscosity. Therefore, li- ) . In this process, each trial 20 pounds of whole tomatoes were fed into a twin-screw continuous processor (Readco Kurimoto, Ltd., York, PA, USA), in which the rotating speed and paddle configuration provide an optimal shear action to agitate and break down tomato particles. Process parameters included are rotating speed at 120 rpm, and the outlet temperature up to 100˚C induced by adjusting pressure in the steam jacket. This was called high temperature with shear (HTS) processing. Another method that can be used is steam injection where steam was directly injected into the chamber of the processor.
Hot-Break Processing Method
Hot break of the tomato in the kettle simulates the conventional process method used in industry with some modification [14] . Whole tomatoes (20 pounds/each batch) were broken by the continuous processor without shear at room temperature and dropped into a kettle (Model DN/RA-15, Groen, Elkgrove Village, IL). The kettle was equipped with a steam jacket and variable speed agitator. The tomato product was maintained at 95˚C in the kettle for two minutes, and then put through the finisher.
Waring Blender Processing Method
A Waring blender with a steam injection was set up to break tomatoes. The whole tomatoes (5 pounds/each trial) were added to a waring blender (Model #34BL22, Dynamics Corporation of America, New Hartford, Connecticut) with steam injection, and processed for two minutes, followed by immediate passing through a finisher.
Separation of Skins and Seeds from Processed Tomato Product
The processed products were collected into 10-gallon 316 stainless steel containers and immediately put through the finisher (Model 150, Langsenkamp Manufacturer, and Indianapolis, IN), with 0.045 in screen opening, this removed the skin and seeds to get a clean tomato product. The consistency, serum viscosity, and precipitate weight ratio (PPT) of this product was measured immediately, and the product was then stored in a freezer (20˚C) for future analysis.
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Production of Tomato Concentrate
The processed tomato was concentrated in an open steam jacketed kettle. The consistency and viscosity were measured during the concentration at different Brix˚.
Evaporation was carried out using a kettle with scrape surface agitator and the steam jacket steam pressure was 100 psi. The vacuum was maintained at 15 inch of mercury 180˚F, and samples were taken until the soluble solids exceeded 24
Brix˚. The concentrated tomato product was canned and stored at room temperature for further physical and quality analysis.
Determination of Consistency and Serum Viscosity 2.2.1. Determination of Consistency in Tomato Product
The consistency or the gross viscosity of the tomato product was measured after the finisher, evaporation, and reconstitution of tomato suspensions using efflux pipette to determine their efflux viscosity for tomato product. This method was followed from Thakur and Singh [15] , Crandall and Nelson [16] . Average values from triplicate measurements were reported.
Determination of Serum Viscosity
The viscosity of tomato sera were measured after separation by centrifugation.
Each sample was centrifuged at 3000 rpm for 15 minutes at 4˚C. The resulting supernatants were then transferred to an Oswald viscosity apparatus (#100 and # 200 hundred series) for serum viscosity analysis. The resultant precipitates (i.e., solids) were weighed, and the precipitate weight ratio (PPT) was calculated for each sample. This method was followed from Takada and Nelson [16] , Barrett, et al. [12] . Average values from triplicate measurements were reported.
Quality Analysis
The Total Tannic Content
The total tannic content was determined by a modified Association of Official Analytical Chemists (AOAC) method. Concentrated tomato product (5 g) was diluted in 100 ml of distilled water, and filtered. 5 ml of this sample was mixed with 5 ml indigo solution and then titrated using an aqueous solution of KMnO 4 (0.1 N) until the color turned from green to golden-yellow. The results were compared with blank tests (blank tests = titration of a mixture of 5 ml indigo solution and 100 ml distilled water) by titration [17] [18] . Each experiment was run in triplicate.
Vitamin C Content
Vitamin C content was analyzed by a modified method of Albrecht [19] and Hu [20] . The concentrated tomato sample 10 g in 50 ml distilled water was titrated against 2,6-dichloroindophenol dye using a 2% oxalic acid as the extracting medium. The results were expressed as mg/100 g fresh weight concentrate [21] 
Lycopene Content Analyses
Lycopene content analyses were performed using a modified and simplified method from Bunghez et al. [21] . Concentrated tomato sample (0.3 g) was mixed with methanol, filtered, and then washed with a methanol rinse until the filtrate was colorless. The lycopene in the residue was extracted by adding small aliquots of hexane until the filtrate was colorless. The filtrate was then brought to 50 ml, and the solution was measured with a spectrophotometer (Model: UV2-100, UNICAM) at 485 nm, and the absorbance was compared to a standard solution made of Sudan red #1 pigment dissolved in ethanol (0.025 g of Sudan Red in 50 ml of ethanol). 0.26 ml of standard solution diluted to 50 ml in ethanol is equivalent to 0.5 μg/ml of lycopene [22] . Each experiment was run in triplicate.
The Total Pectin Content Measurement
The total pectin content of the solids was measured using a modified the carbazole method: The concentrated tomato sample (5 g) was treated in 95% ethanol in a boiling water (100˚C) bath for 30 minutes, then filtered to obtain a filter
cake. An additional 40 ml distilled water was added to the cake, water-soluble pectin was extracted by heating the slurry at 25˚C for 30 minutes. The soluble fraction was brought up to 50 ml after filtration and washing the insoluble fraction was hydrolyzed with 100 ml of 0.5 M sulfuric acid for one hour at 100˚C, and the sample was transferred to a volumetric flask, and the volume was brought to 100 ml.
To determine the pectin content in the prepared samples, one milliliter of pectin sample was placed in a 20 ml test tube. Six milliliters of concentrated sulfuric was added to the test tube and heated in a boiling bath for 20 minutes. After cooling, 0.2 ml of 0.15% carbazole solution (0.15 g reagent grade carbazole
was dissolved in 100 ml of purified ethyl alcohol) was added to the sample, and it was left in the dark for 2 hours; the sample was then measured with a spectrophotometer at 530 nm. The standard curve was prepared with galacturonic acid (Sigma). Results were expressed as g/kg fresh weight basis [23] [24] [25] . Each experiment was run in triplicate.
Results and Discussions
Effect of Physical Properties on the Tomato Sera
In order to replicate the conventional method for processing tomatoes, a stainless-steel kettle was used to provide the required heat with the minimum amount of kneading action. The Waring blender reduced the size of tomato pieces, but did not impart significant extensional or compressive deformation to the pieces (i.e. kneading action), which helped to extract polysaccharides or lycopene from the skin and seeds into the product. With direct steam injection, the temperature was maintained at 100˚C, but the concentration of tomato product was reduced by the steam condensation. Since the volume of the processor chamber was con- in the processor was reduced by approximately 15%. Also, the kneading effect in the processor was reduced due to less inter-particle friction within the diluted mixture. However, the twin-screw continuous processor provided a high temperature with shear (HTS) action on the skin during the hot breaking process.
High-temperature processing of tomatoes, such as a conventional hot-break process, has been shown to improve the quality of tomato juice and paste [26] [27] [28] ; but mechanical crushing or high-pressure treatment of tomatoes usually happened pre-or post-heat treatment. There is a time-gap between crushing and heat treatment that may allow for pectolytic enzyme activities and/ or an increase the oxidation potential. Unlike crushing (chopping), the shear could make structural changes or induce interactions between tomato components, yielding products with different rheological behavior compared to the conventional method [13] [29].
The consistency and precipitate weight (PPT) ratio of the extracted tomato product are indications of the quality of the tomato sera. Table 1 Q. Xu et al.
similar, but higher than either the Waring blender or Kettle methods (Figure 1 ).
The serum viscosity of tomato sera reconstituted from concentrated tomato is shown in Figure 2 . The shape of the curves for sera obtained by the either steam injection or HTS method was not a linear relationship and differed from the sera obtained by kettle or Waring blender methods. Takeda and Nelson [16] reported that the tomato paste was produced by hot-break with a kneading action, the relationships between consistency, serum viscosity, and PPT ratio would be different from those produced by traditional process methods.
Effect of Processing Methods on the Quality of Tomato Concentrate Quality
The quality of the concentrated tomato product was measured for the tannin Figure 1 . Effect of the processing methods on the Serum Viscosity of tomato sera during the evaporation. content, vitamin C content, lycopene content, and for total pectin extracted. The best quality of resultant products was for HTS method. The data in Table 2 showed that the tannin contents in Waring blender and HTS methods were lower than other two methods. The Waring blending method had the lowest vitamin C content, because the exposure of product to the air by blending action induced oxidation [13] [30] . The lowest lycopene content resulted from the steam injection method, which might cause larger water condensation with less kneading force lessening the extraction efficiency of lycopene from the tomato skin and seeds. In contrast, the total extracted pectin of twin-screw processor at 95˚C was the lowest since the processing temperature was the lowest; following by processing in the Waring blender, which did rupture cell walls to improve the extraction efficiency of pectin and lycopene. However, the shear force in HTS method could break down cell walls for weakening the bonding forces between lycopene and tomato tissue matrix to increase the extraction of lycopene [7] .
These series of experiments indicated that the application of high temperature, short time with shear (kneading action) facilitates the production of a highquality tomato product. In addition, when using HTS to process tomatoes, the resultant physical, chemical, and/or product behavior all change in both the serum and pulp, compared to those obtained by high temperature only, or high pressure at 25˚C, or other processing methods [31] [32] . Furthermore, HTS method provided high temperature and mechanical shear resulting in molecular transformation and chemical reaction [33] .
Effect of Total Soluble Solid (TSS) Content on the Loss of Consistency in Reconstituted Tomato Suspensions
Tomato concentrate is manufactured by vacuum evaporation of tomato product to 24˚ Brix (% TSS), or above. Some studies suggested that the Bostwick value decreased logarithmically with the degree of paste concentration [34] [35] . During evaporation of the tomato sera to a concentration corresponding to 15˚ Brix, the observed consistencies of the sera were found to be increased for all of four It is possible that the dissolved polymers reach a saturation point at approximately 15 Brix˚. Above this concentration, they slowly precipitated and dropped out of the serum resulting in more loss of consistency in the reconstituted Figure 3 . Effect of processing methods on the consistency of tomato sera during the evaporation. Figure 4 . Effect of the processing methods on the consistency of reconstituted tomato suspensions from the tomato product after concentration.
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suspensions. In addition, when the temperature dropped, the solubility of the pectin or the other polymers decreased and they re-crystallized. Once crystallized, it was very difficult to be reconstituted [12] [37] . In other word, crystallization of these polymers was a slow process. A further drop of the consistency in the reconstituted tomato suspensions was observed after one week of storage.
Compared to the original hot-break tomato paste, the consistency in the reconstituted juice dropped 2.2 fold upon production. It dropped additional 2.6 fold post storage at 35 days. However, this loss in consistency could be prevented when the reconstituted paste was heated to 90˚C or above that can recovery of initial Bostwick and serum viscosity on the day of pack [33] [34] [35] .
Conclusions
In contrast to the conventional hot-break method currently utilized in the tomato industry, this study induced a new tomato processing method using a twin-screw continuous processor that provides both high temperature and shear.
This method facilitates the extraction of compounds from the tomato skin. The consistency and viscosity of the resultant tomato product was higher than the Kettle method, which was analogous to the industry hot break. Consistency of the tomato suspension from tomato concentrate was dependent on the processing methods used. This research has shown a novel processing technology, which yields a tomato product with high quality, better nutrient value, and longer shelf life.
Future research will include optimization of the processing parameters and the secondary utilization of tomato skin and seeds for further processing, such as grinding them into a fine powder for addition into tomato products for increased consistency and nutritional value.
